Histoplasmosis, an increasingly important opportunistic infection in immunosuppressed subjects, is characterized by hematogenous dissemination of the yeast from the lung. The mechanism of this dissemination is not fully understood. Laminin, the major glycoprotein of the extracellular matrix, is known to mediate the attachment of various invasive pathogens to host tissues. In the current study, laminin is demonstrated to bind to Histoplasma capsulatum in a rapid, specific, and saturable manner. Scatchard analysis with 125I-labeled laminin revealed an estimated 3.0 x 104 binding sites per yeast with an apparent Kd for laminin binding of 1.6 x 10-M. Laminin binding to H. capsulatum was decreased from 62±1 to 17±1 ng (P < 0.001) in the presence of 3,000 nM of Ile-Lys-Val-Ala-Val, a pentapeptide within one major cell attachment site of laminin. A 50-kD H. capsulatum laminin-binding protein was demonstrated using an '"I-Ln blot of H. capsulatum cell wall proteins. The 50-kD protein is also recognized by antibodies directed at the 67-kD laminin receptor, suggesting they are related. This study proposes a possible mechanism for H. capsulatum attachment to laminin, an important first step required for the yeast to recognize and traverse the basement membrane. (J. Clin. Invest. 1995. 96:1010-1017
Introduction
Histoplasma capsulatum, a dimorphic fungal pathogen with worldwide distribution, is endemic to the United States. Disseminated histoplasmosis has emerged as an important opportunistic infection in immunosuppressed subjects, especially those with AIDS. Infection is acquired by inhaling airborne microconidia that elude pulmonary defense mechanisms and lodge in the alveoli and interstitium (1) . Transformation of the infectious microconidia to the pathogenic yeast is an absolute requirement for progression to histoplasmosis (2) .
The initial events following microconidia deposition in human alveoli are unknown. Experimental evidence with cultured human alveolar macrophages suggest that the microconidia are rapidly ingested by alveolar macrophages (3) . Experimental infections in animals demonstrated transformation of the microconidia phase to the yeast phase, which proliferate within the parasitized macrophages. The host macrophage ruptures and the released yeast parasitize other macrophages, producing a local exudate composed of infected macrophages and lymphocytes (1) . Evidence from a human lung biopsy specimen demonstrated that extracellular yeast forms existed within the alveolar exudate and throughout the pulmonary interstitium (4) . Current concepts of histoplasmosis in the normal host suggest there is spread of intracellular yeast to adjacent alveoli, to regional lymph nodes, and to distant metastatic sites. The mechanism of metastasis to distant sites is based on indirect evidence. The process of tissue invasion and dissemination is virtually unstudied, particularly during severe immune suppression, when extracellular H. capsulatum organisms may be involved in dissemination and pathogenesis of the disease.
The lung contains an alveolar basement membrane that lies between type I alveolar epithelial cells and capillary endothelial cells as well as an endothelial basement membrane that separates endothelial cells from interstitial connective tissue cells along the thick portion of the alveolar wall (5) . Laminin, an 850-kD glycoprotein, is the most abundant glycoprotein of the basement membrane and is composed of three polypeptide chains designated A, B1, B2, each containing six domains (6, 7) . The multiple domains confer upon laminin many biological properties, including promoting cellular adhesion, growth, differentiation, migration, and matrix assembly. Laminin receptors have been demonstrated on metastatic tumor cells, granulocytes, lymphocytes, and macrophages (8) . Recent studies have demonstrated that the invasive pathogenic organisms Candida albicans (8, 9) , Aspergillusfumigatus (10), Paracoccidioides brasiliensis (11) , staphylococci (12) (13) (14) , Heliobacter pylori (15, 16), Treponema palladium (17) , streptococci (18) (19) (20) , Toxoplasma gondii (21) , and Escherichia coli (22, 23) possess surface proteins with strong laminin-binding activity. The mechanism of laminin binding to the microorganism's laminin receptor has only recently been investigated in A. fumigatus, enterobacteria, and H. pylori (10, 24, 25) .
In this study, laminin is demonstrated to bind H. capsulatum in a rapid, specific, and saturable fashion. The major cell-binding region of the laminin A chain appears to be the molecular site of laminin binding to H. capsulatum. '251I-labeled laminin ('25I-Ln)' blotting with size-fractionated H. capsulatum cell wall proteins demonstrates a 50-kD protein that binds laminin.
1. Abbreviations used in this paper: 51Cr-H. capsulatum, 5 Cr-labeled H. capsulatum; ECM, extracellular matrix; 125I-Ln, '25I-labeled laminin;
IKVAV, isoleucine-lysine-valine-alanine-valine; YIGSR, tyrosine-isoleucine-glycine-serine-arginine. Binding of 125I-Ln to H. capsulatum. 1"I-Ln binding to H. capsulatum was quantified using minor modifications of a previously described method (29) . Reaction mixtures containing 2 X 107 H. capsulatum, 25I-Ln (concentration from 125 ng/ml to 3,000 ng/ml), and attachment buffer (50 mM Hepes, 5 mM CaCl2, 0.1% BSA, pH 7.4) in a volume of 1 ml were incubated and rotated at 37°C for 0.5-120 min. The mixture was centrifuged at 1,200 g for 5 min, the supernatant was removed and saved, and the pellet was resuspended in 1 ml of attachment buffer. After a second centrifugation, the supernatant was saved and added to the previous supernatant. The H. capsulatum pellet was resuspended in 1 ml of attachment buffer and was removed from the incubation tube and placed in a 12 x 75 mm tube for counting. The pellet with the bound l"I-Ln and the remaining supernatant in the incubation tube containing unbound 125I-Ln were quantified. Specific binding was determined by the addition of 40 1Ag of unlabeled laminin to the reaction mixture. Bound 1"I-Ln was calculated as follows: Bound 1"I-Ln = (CPMp.11a/CPMpd11 + supat) X 125I-Ln added.
There are high-affinity laminin-binding proteins which bind to oligosaccharide-binding sites within laminin. These sites include galactose and poly-N-acetyl-lactosamine oligosaccharides of laminin (30) as well as the oligomannoside chains of laminin (24) . To PAb 50 was described earlier; PAb 4099 recognizes the 67-kD laminin receptor of murine and human endothelial cells and has been described previously (35) (36) (37) . PAb 4099 is affinity purified and diluted into PBS containing carrier ovalbumin. Its optimal dilution was empirically established to be specific and sufficiently sensitive at 1:100. Statistical analysis. All results are expressed as mean±SEM. Statistical comparisons were performed using Student's t test for unpaired data or the one-way analysis of variance with paired comparisons performed using Fisher's least significant difference method. Statistical significance was accepted for P < 0.05 (38) .
Results
An exuberant pulmonary infection developed in the CD4 lymphocyte-depleted mice (Fig. 1) . Free H. capsulatum organisms were easily demonstrated in the lung tissue and in lung impression smears of the infected mice. In profoundly immunosuppressed animals, H. capsulatum pulmonary infection develops rapidly, with evidence for both intracellular and extracellular organisms present in the lung tissue.
51Cr-H. capsulatum attached to immobilized laminin and the basement membrane preparation Matrigel& (Fig. 2) . 5tCr-H. capsulatum to laminin and Matrigel1T9 was significantly diminished in the presence of polyclonal anti-laminin IgG (59±4 to 21±3 and 67±2 to 39±5, respectively; P < 0.01, both comparisons). Matrigellfg is a solubilized basement-membrane preparation extracted from the Engelbreth-Holm-Swarm mouse sarcoma tumor. Its major component is laminin, followed by collagen IV, heparan sulfate proteoglycans, enactin, and nidogen.
Laminin binds H. capsulatum in vitro in a time-dependent manner and achieves apparent equilibrium by 10 min (Fig. 3) . The specificity and saturability of 1251I-Ln binding to H. capsulatum were demonstrated using 1251I-Ln (125-3,000 ng) in the presence or absence of 40 ,g excess unlabeled laminin (Fig.  4 A) . The addition of increasing amounts of 125I-Ln to the binding assay resulted in an increase in both total and nonspecific binding, with saturation of specific binding evident at concentrations in excess of 2,000 ng 125I-Ln added. The Scatchard plot using the specific binding data is linear (r = 0.88), indicating a probable homogenous population of binding sites for laminin on H. capsulatum organisms (Fig. 4 B) there was no evidence that laminin oligosaccharide side chains were involved in laminin binding to H. capsulatum (Fig. 5 A) . The major epithelial, neuronal, and malignant cell attachment sites of laminin have been localized to domain III of the B 1 chain and domain I of the A chain which contain the peptide sequences YIGSR and IKVAV, respectively (31, 32). Therefore, to determine if these laminin cell-binding domains were involved in laminin binding to H. capsulatum, the binding of 125I-Ln to H. capsulatum was conducted in the presence or absence of YIGSR or IKVAV containing peptide sequences. The peptide sequence containing YIGSR had no significant effect on 125I-Ln binding to H. capsulatum ( Fig. 5 B) ; whereas, the A chain peptide containing IKVAV demonstrated a concentration-dependent inhibition of '25I-Ln binding to H. capsulatum (Fig 5 B) . As an example, laminin binding to H. capsulatum in the absence of IKVAV was 62±1 ng, compared with 17±1 ng in the presence of 3,000 nM of IKVAV (P < 0.001). This suggests that laminin binds to H. capsulatum via the major cell attachment site located within domain I of the laminin A chain.
The H. capsulatum cell wall preparation, separated by SDS-PAGE and stained with Coomassie blue, revealed numerous protein bands whose sizes ranged from 18 116 kD (Fig. 6) (40) . However, the expression of laminin-binding proteins by pathogenic microorganisms has been demonstrated to enhance the organism's ability to attach to host cells and invade host tissues. These pathogenic microorganisms possess laminin-binding proteins which vary in molecular size from 32 (T. gonodii) to 145 kD (Streptococcus gordonii), with the majority of pathogens possessing laminin-binding proteins from 44 to 67 kD (8, 11, 14, 18, 21, 23) . Invasive S. aureus has been demonstrated to possess a 52-kD surface protein which functions as a laminin-binding protein.
Monoclonal antibodies to this 52-kD protein were demonstrated to bind to the 67-kD laminin receptor of murine melanoma cells, suggesting that conservation or convergence among laminin receptors exists (41) . In this study, we demonstrate that the H. capsulatum 50-kD cell surface protein is involved in laminin binding and that this protein is recognized by antibody to the 67-kD laminin receptor, lending further support to the concept of conservation or convergence among laminin receptors. Western blot analysis, autoradiography, and the linear Scatchard plot all indicate a single laminin-binding protein, which suggests that a predominant receptor class on the surface of H. capsulatum is involved in the majority of laminin binding.
Laminin exists in vivo as a large multidomain glycoprotein of the extracellular matrix. It is composed of globular and rod like domains arranged in a cruciform shape and is well suited for mediating attachment between distant sites on cells and other components of the extracellular matrix (7, 40, 42) . To date, the domain within laminin recognized by laminin-binding proteins has been described for only three invasive pathogens. The laminin-oligomannoside chains, terminal sialic acid residues, and the P1 fragment are the target for laminin-binding proteins of type I enterobacterial fimbriae, H. pylon and A. fumigatus, respectively (10, 24, 25) . In this study, we have demonstrated that laminin binding to H. capsulatum is localized to domain I of the A chain and that this binding is dependent upon the IKVAV peptide sequence. The peptide sequence IK-VAV has been demonstrated to mimic some of the biological activity of the intact laminin molecule (32) . The IKVAV sequence is located in the carboxyl region of the a-helical domain of the laminin A chain, which is one the regions involved in promoting cell adhesion, spreading, and migration. The A chain serves as a ligand for the 67-kD laminin receptor group, among others (40) .
In summary, we present evidence that the glycoprotein laminin binds to H. capsulatum yeast in a rapid, specific, and saturable fashion. The binding is inhibited by IKVAV, a peptide sequence from the major cell-binding region of 
